Ice cores through an ice sheet can be regarded as a sample of a unique natural deformation experiment lasting up to a million years. Compared to other geological materials forming the earth's crust, the microstructure is directly accessible over the full depth. Controlled sublimation etching of polished ice sections reveals pores, air bubbles, grain boundaries and subgrain boundaries at the surface. The microstructural features emanating at the surface are scanned. A dedicated method of digital image processing has been developed to extract and characterize the grain boundary networks. First preliminary results obtained from an ice core drilled through the Greenland ice sheet are presented. We discuss the role of small grains in grain size analysis and derive from the shape of grain boundaries the acting driving forces for grain boundary migration.
Introduction
Polar ice sheets consist of poly-crystalline ice which flows and deforms under the overburden accumulated snow and ice. Deep ice cores drilled through an ice sheet provide detailed information about the evolution of the microstructure. Microstructures are measured in 2D sections along the vertical direction. Microstructure evolution is controlled by deformation and varying dominating recrystallization processes. The latter are estimated from automatically analyzed microstructure images taken from sections with high spatial resolution.
Reflected light imaging of polished surfaces prepared by controlled sublimation etching [1, 2] reveals deep grooves along grain boundaries and shallow grooves along sub-grain boundaries ( Fig.  1) [3] . A dedicated method for extraction of grain boundaries is currently under development and is distinguished by a high degree of automation. The independent software framework [4] covers characterization as well.
Higher precision of extracted grain boundaries allows to extract local curvature (derivative of pixel-wise tangents) and small grains. It is proposed that the size of a 2D region enclosed by grain boundaries can be regarded as grain size. 3D measurements are not feasible with a comparable degree of effort. With the progress in digital imaging techniques and microscopy dimensions the question arises how to consider small grains in grain size analysis.
Microstructure images
Image acquisition Shown here are preliminary results of the 2537 m long NEEM ice core drilled in North-West Greenland (77.5°N, 51.1°W) in 2008-2011. Vertical sections (typical dimensions: 46 x 9 cm 2 are prepared as described by [2] . The sections have been imaged by a Large Area Scanning Macroscope (Schäfter & Kirchhoff GmbH) at 5 µm resolution. An example is shown in Fig. 1 . 
Digital image processing
As grain and sub-grain boundaries vary significantly in gray value and width within a single section, a gray value based approach (e.g. [5] ) requires manual thresholding. The Structure Tensor, as an example for tensors generated by derivative-based operators, allows to measure how gray value changes along the pixel-wise estimated gradient direction. Incorporating additional characteristics (inter alia derived from the Structure Tensor) facilitates to extract grain and sub-grain boundaries automatically [4] . Multidimensional thresholding is performed by Supervised Machine Learning.
Characterization of the microstructure
Small grains Small grains may grow from recently nucleated grains or may be artifacts caused by the preparation (scratches) of the polished surface. In the NEEM deep ice core high bubble pressures induced the formation of (sub-) grain boundaries in the vicinity of bubbles because of the high storage temperature (see Fig. 1 ).
Although it is not possible to distinguish between shrinking old grains which are consumed by other growing grains, young growing grains and some artifacts originating from the sample preparation small grains cannot be disregarded entirely. Whether there is normal grain growth (nucleation of new grains is negligible) or dynamic grain growth with a significant contribution of small grains caused by nucleation of new grains is an important aspect as presently normal grain growth is assumed to be the predominant growing mode. A reasonable compromise for the grain size distribution seems to be to discard all grains smaller than 65 µm.
To include small grains affects the mean grain size. One consequence is that mean grain sizes and grain growth rates derived from data sets utilizing modern imaging and processing techniques are hard to compare with older results. Both, mean grain size and growth rate depend on the minimum grain size considered. Another consequence if small grains can be included with high confidence in the size distributions is that profiles of the grain size distributions along an ice core allow to characterize the predominant recrystallization modes through an ice sheet.
In older glaciological studies (e.g. [6] ) the value of the lower cut-off for grain sizes included in the quoted size distribution has been arbitrary. The problem with this approach is that the calculated mean is sensitive to the value of this cut-off. In this study we suggest varying the value of the lower cut-off in the size and studying the sensitivity of the calculated mean to the value of this cut-off. In Fig. 2 , the mean grain size profiles of the upper half of the ice sheet are shown for different fractions of the total size distributions. If all grains (larger than 65 µm) are considered for the mean, grain growth ceases between 300 and 400 m and declines below about 400 m depth. It is interesting that three growth regimes are indicated if the smallest 5% of the grains
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Recrystallization and Grain Growth V are neglected. In the top 350 m the increase in mean grain size is relatively rapid. Between 350 m and 650 m depth there is no or not much grain growth. Below 650 m depth a large scatter in the mean grain size is observed. The steadily widened gap to the profiles consisting of lower fractions of the total size distribution can, inter alia, be explained by higher bubble pressures. For 322 m depth (Fig. 1) artificial creation of sub-grain boundaries is observed, for higher depths (higher pressures to be relaxed) more energetic grain boundaries are formed. From these preliminary analyses it becomes obvious that the calculated growth rates are highly dependent on the chosen definition of mean grain size. Different processes (grain growth, rotation recrystallization, migration recrystallization) may contribute with changing weight to grain size evolution. The effect of temperature which also influences grain growth can be neglected because it stays approximately constant (-30°C) above 1250 m. Local curvature of grain boundaries Grain boundaries are subject to different driving forces. On the one hand, grain boundary migration releases stored strain energy, on the other hand, grain boundary tension is minimal for straight boundaries. If equilibrium is assumed (not given e.g. for a normal grain growth regime), local curvature of a grain boundary provides an estimate of stored strain energy [7] . The dislocation density on the convex side should be higher than on the concave one. This is in line with the correlation of sub-grain boundary occurrence with local maxima of curvature [8] as shown in Fig. 3 . It must be noted that even grain boundary pinning can lead to this observation. Driving forces for grain boundary migration can only be considered very locally.
Summary
The possibilities of analysis of ice microstructure images using sublimation etching have been addressed. Grain sizes and calculated grain growth rates preliminarily derived from an ice core drilled through the Greenland ice sheet are affected by the inclusion of small grains. We suggest using a defined fraction of the total grain size distribution to specify how many small grains are included. The local curvature of grain boundaries can be extracted and allows to estimate driving forces for grain boundary migration.
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